2ϩ -related electrophysiological processes in the hippocampus appear to be consistent biomarkers of aging, and several also correlate with cognitive decline. These findings have led to the hypothesis that a common mechanism of Ca 2ϩ dyshomeostasis underlies aspects of aging-dependent brain impairment. However, some key predictions of this view remain untested, including that multiple Ca 2ϩ -related biomarkers should emerge concurrently during aging and their onset should also precede/coincide with initial signs of cognitive decline. Moreover, blocking a putative common source of dysregulated Ca 2ϩ should eliminate aging differences. Here, we tested these predictions using combined electrophysiological, imaging, and pharmacological approaches in CA1 neurons to determine the ages of onset (across 4-, 10-, 12-, 14-, and 23-month-old F344 rats) of several established biomarkers, including the increases in the slow afterhyperpolarization, spike accommodation, and [Ca 2ϩ ] i rise during repetitive synaptic stimulation. In addition, we tested the hypothesis that altered Ca 2ϩ -induced Ca 2ϩ release (CICR) from ryanodine receptors, which can be triggered by L-type Ca 2ϩ channels, provides a common source of dysregulated Ca 2ϩ in aging. Results showed that multiple aging biomarkers were first detectable at about the same age (12 months of age; approximately midlife), sufficiently early to influence initial cognitive decline. Furthermore, selectively blocking CICR with ryanodine slowed the Ca 2ϩ rise during synaptic stimulation more in aged rat neurons and, notably, reduced or eliminated aging differences in the biomarkers. Thus, this study provides the first evidence that altered CICR plays a role in driving the early and simultaneous emergence in hippocampus of multiple Ca 2ϩ -related biomarkers of aging.
Introduction
It has long been recognized that aging-dependent changes occur in multiple brain electrophysiological processes and that some of these correlate closely with functional decline. Deficits in synaptic transmission and plasticity have been found in several brain regions and species (deToledo-Morrell et al., 1988; Landfield, 1988; Barnes, 1994; Bickford, 1995; Foster and Norris, 1997; Bach et al., 1999; Disterhoft et al., 2004) . Furthermore, alterations in a number of Ca 2ϩ -dependent/mediated processes have been found to be consistent biomarkers of aging in hippocampal neurons, including those in the Ca 2ϩ -dependent slow afterhyperpolarization (sAHP), spike accommodation, the Ca 2ϩ action potential, and whole-cell Ca 2ϩ currents (Landfield and Pitler, 1984; Disterhoft et al., 1996; Norris et al., 1998; Thibault et al., 1998; Disterhoft et al., 2004; Tombaugh et al., 2005) . The activity of L-type voltage-gated Ca 2ϩ channels (Thibault and Landfield, 1996) and the rise of [Ca 2ϩ ] i during postsynaptic action potential generation (Thibault et al., 2001; Hemond and Jaffe, 2005) are also increased in hippocampal neurons from aging animals. These and other findings, from different neuronal cell types and technical approaches, have given rise to several versions of the general hypothesis that a common mechanism of Ca 2ϩ dysregulation underlies many aspects of functional aging and, potentially, Alzheimer's disease (AD) (Landfield and Pitler, 1984; Gibson and Peterson, 1987; Landfield, 1987; Khachaturian, 1989; Disterhoft et al., 1996; Michaelis et al., 1996; Thibault et al., 1998; Verkhratsky and Toescu, 1998; Murchison et al., 2004; . However, several critical questions and predictions of this hypothesis remain untested. First, if the hypothesis is correct, the onset of Ca 2ϩ dysregulation should precede or coincide with initial deficits in hippocampally dependent cognitive tasks. These cognitive deficits begin to appear in mammals as early in adulthood as midlife (Aitken and Meaney, 1989; Fischer et al., 1992; Kadar et al., 1994; Frick et al., 1995; Bach et al., 1999; Markowska, 1999; Knuttinen et al., 2001) . Second, multiple Ca 2ϩ -related biomarkers of hippocampal aging should emerge approximately simultaneously, rather than asynchronously. Third, blocking a common source of dysregulated Ca 2ϩ should eliminate aging differences in multiple Ca 2ϩ -mediated biomarkers. An increase in Ca 2ϩ influx through L-type voltage-gated Ca 2ϩ channels (L-VGCCs) has been implicated previously as a possible Ca 2ϩ source for several hippocampal electrophysiolog-ical and cognitive aging changes (Thibault et al., 1998; Disterhoft et al., 2004) . However, there are other candidate sources of dysregulated Ca 2ϩ . In particular, Ca 2ϩ -induced Ca 2ϩ release (CICR) from ryanodine receptors (RyRs) on the endoplasmic reticulum (ER), which can be triggered by Ca 2ϩ influx via L-VGCCs (Chavis et al., 1996; Empson and Galione, 1997; Fagni et al., 2000; Sukhareva et al., 2002; Verkhratsky, 2005) , may be altered in some models of aging or AD (Gibson et al., 1996; Verkhratsky and Toescu, 1998; Leissring et al., 2000; Clodfelter et al., 2002; Kumar and Foster, 2004 ). Therefore, it seems possible that amplified CICR also plays a role in generating Ca 2ϩ -related markers of aging. If so, high-dose ryanodine, which selectively locks RyR channels into a low-conductance state (Bezprozvanny et al., 1991; Coronado et al., 1994; Humerickhouse et al., 1994) , should substantially reduce aging differences in these markers, by counteracting the larger CICR components in older age groups.
Here, we tested key questions and predictions of this hypothesis using combined electrophysiological and imaging analyses of the age of onset and of the ryanodine sensitivity of multiple biomarkers of hippocampal aging. The results lend strong new support to a unified Ca 2ϩ dyshomeostasis hypothesis.
Materials and Methods
Slice preparations. All experiments were conducted in compliance with the institutional guidelines of the Animal Care and Use Committee at the University of Kentucky. Male F344 rats were obtained from the National Institute on Aging aged rat colony in subsets, each containing rats for all age points. The subsets were staggered such that, when studied, animals in the different age groups averaged 4, 10, 12, 14, and 23 months of age. Animals were anesthetized in a CO 2 chamber before rapid decapitation. Brains were rapidly removed and transverse hippocampal slices (350 m) were cut with a vibratome (TPI, St. Louis, MO) into cold oxygenated artificial CSF (ACF) of the following composition (in mM): 128 NaCl, 1.25 KH 2 PO 4 , 10 glucose, 26 NaHCO 3 , 3 KCl, 0.1 CaCl 2 , and 2 MgCl 2 (Thibault et al., 2001) . Intact slices were placed in an interfacetype chamber containing ACF with 2 mM CaCl 2 (Ca-ACF) at 32°C and gassed with 95% O 2 -5% CO 2 until used for recording. After at least 1 h of recovery, individual slices were then transferred for recording to a perfusion chamber (Warner Instruments, Hamden, CT) equipped with a bottom net for Ca-ACF perfusion beneath the slice. The oxygenated Ca-ACF, delivered at 1.5-2 ml/min, was maintained at 32 Ϯ 1°C using an inline heater (TC 2 Bip; Cell Micro Controls, Norfolk, VA) positioned 1 cm before the chamber inlet. Electrophysiology. Recording data were acquired and analyzed using pCLAMP 8, a sharp-electrode amplifier (Axoclamp 2A), and a DigiData 1320 board for digitization (Molecular Devices, Union City, CA). Sharp intracellular electrodes were pulled from microhematocrit glass capillaries (Fisher Scientific, Pittsburgh, PA) on a Sutter Instruments (Novato, CA) pipette puller, and had tip resistances of 80 -120 M⍀ when filled with 2 M KmeSO 4 , 10 mM HEPES, and 10 mM bis-Fura-2, pH 7.4. After impalement and stabilization, neurons were held at Ϫ70 mV in current clamp with minimal injected current for ϳ5 min to obtain input resistance measures and to allow indicator filling. All experiments were conducted in current-clamp mode with bridge balance compensation and capacitance neutralization. Voltage records were digitized at 2-20 kHz and low-pass filtered at 1 kHz.
The afterhyperpolarization (AHP) was triggered with the membrane held at Ϫ60 mV using a 100 ms current depolarization pulse delivered through the electrode at sufficient intensity to generate three Na ϩ action potentials. AHP amplitudes were measured at the negative voltage peak immediately after the depolarization pulse, reflecting the medium AHP (mAHP), which typically lasts several hundred milliseconds in hippocampal pyramidal neurons, and at 1 s after the end of the step, during the sAHP, which has durations in the 1-3 s range (Lancaster and Nicoll, 1987; Storm, 1990; Williamson and Alger, 1990; Sah and Faber, 2002; Stocker, 2004) . Area and duration of the AHP were measured from the end of the depolarization step until return of the membrane voltage to baseline (Ϫ60 mV). AHPs were elicited every 30 s, and measures were averaged from 10 -15 consecutive AHPs recorded in each cell.
Spike-frequency accommodation was also determined from Ϫ60 mV using current intensity just sufficient to generate three Na ϩ action potentials within the first 100 ms of an 800 ms depolarization pulse. Accommodation was measured as the number of action potentials during the entire current step.
Repetitive synaptic stimulation (RSS) for ratiometric Ca 2ϩ imaging was performed using a twisted bipolar stimulation electrode (0.0045 inch coated stainless steel; A-M Systems, Everett, WA) positioned in the Schaffer-collaterals/commissural fibers of stratum radiatum ϳ500 m from the recorded neuron. For all synaptic stimulation, pulse duration was 100 s and was delivered by a SD9K stimulator (Astro Med, Grass Instruments, Warwick, RI). Input-output (I/O) relationships were determined in every cell during baseline periods (0.2 Hz) before RSS. The RSS train was delivered at 7 Hz for 20 s. Stimulus intensity during RSS was set to deliver pulses at 50% above Na ϩ action potential threshold, to ensure action potential generation at 7 Hz throughout the 20 s train. Double spikes to a single pulse were rare and counted as single spikes.
Cell health and exclusion criteria (Tables 1, 2) . For imaging studies, cells with resting [Ca 2ϩ ] i Ͼ200 nM were excluded from analysis. For recording analyses, neurons with input resistance Ͻ35 M⍀, action potential amplitude Ͻ70 mV (measured from Ϫ60 mV), or holding current more than Ϫ200 pA at Ϫ70 mV were excluded from the study. Overall yield of recorded neurons that met all criteria (including those not imaged because of depth) was approximately two cells per daily animal preparation. The yield of neurons both imaged and recorded per animal was somewhat less (ϳ1.5), and neither yield differed across aging. As previously reported (Thibault et al., 2001) , gray values taken at rest for either the 357 or the 380 nm wavelength (see below) did not differ significantly with age, nor did cell depth measures ( indicator bis-Fura-2 (10 mM) were imaged on the stage of a Nikon (Tokyo, Japan) E600 microscope equipped with a 40ϫ water immersion objective and a CCD camera (Roper Scientific, Princeton Instruments, Trenton, NJ). The fluorophore was excited using a wavelength switcher (Sutter Lambda DG-4) and software control (Axon Imaging Workbench, version 2.2.1.54; Molecular Devices). The 510 nm wavelength was monitored during both 357 and 380 nm wavelength excitation through a dichroic mirror centered at 430 nm. To increase the speed of image acquisition during concomitant electrophysiology (Jaffe Basic membrane and experimental variables for CA1 pyramidal neurons across all age groups. No significant aging effect was detected on any of these baseline variables. RSS hyperpolarization was measured at its peak level during RSS from a holding potential of Ϫ70 mV. All values are means Ϯ SEM.
and while maintaining adequate spatial resolution, we imaged neurons using the isosbestic method (Grynkiewicz et al., 1985) and limited our images to defined regions of interest around the neuronal soma (Magee and Johnston, 1997) . Frequency of image acquisition was synchronized to the 7 Hz frequency of synaptic stimulation. Individual images from neurons were sequentially captured at 7 Hz for the 380 nm wavelengths, and a 357 nm wavelength was captured every 5 s. To obtain ratio images at 7 Hz, the linear relationship between each subsequent 357 nm image was determined and used to extrapolate 357 nm values for every captured 380 nm image. As expected, the 357 nm images did not significantly increase during stimulation, because at the isosbestic point, fluorescence emission is [Ca 2ϩ ]-insensitive. The final ratio was obtained by dividing the 380 nm images with the extrapolated 357 nm images. All fluorescence intensities were background subtracted from an area near to the indicator-filled neuron that showed little fluorescence scatter. Acquisition of images was begun before synaptic stimulation and was maintained past the end of RSS train to obtain data on resting levels and decay kinetics of [Ca 2ϩ ] i (see Figs. 3, 4) . Rise and decay time constants () of somatic [Ca 2ϩ ] i were determined using a standard exponential fit with a simplex method in Clampfit (Molecular Devices). All fit values showed correlation coefficients Ͼ0.93. During RSS, [Ca 2ϩ ] i rose rapidly, reaching peak values within a few seconds, and then stabilized at that level for the remainder of the train. Area under the curve (AUC) of the Ca 2ϩ response was calculated from the integral of the area of the response during the first 10 s of the 20 s RSS, using SigmaPlot (version 9.0) and a user-defined transform.
Ratio 
, in which R is the 357/380 nm fluorescence emission ratio of the imaged cell (Grynkiewicz et al., 1985) .
Drug application. Ryanodine (Alomone Labs, Jerusalem, Israel) is a plant alkaloid with high specificity and potency at RyRs, and at Ͼ10 M selectively blocks the receptors, eliminating CICR without influencing Ca 2ϩ influx from other sources (Friel and Tsien, 1992; Alford et al., 1993; Belousov et al., 1995; Garaschuk et al., 1997) . Ryanodine was applied using whole-bath perfusion and a syringe pump (model 341B; Sage Instruments, Orion Research, Cambridge, MA). The ryanodine stock solution (20 mM in distilled water) was introduced into the flow of the oxygenated Ca-ACF at a rate 1000 times slower than the main perfusate, resulting in a final ryanodine concentration estimated at 20 M. The drug was allowed to infuse into the recording chamber for 15 min. To ensure that neither the initial RSS, the inter-RSS delay, nor the vehicle, accounted for the effects of ryanodine, control experiments with vehicle (distilled water) were conducted using the same delivery method and duration, and all markers (AHP measures, Ca 2ϩ concentration during rest and during RSS, input resistance, and spike height) were measured again ϳ15 min after the first RSS. In 16 cells (3-4 per age group), no statistical effects or trends of initial RSS, vehicle, or time were detected on any measures in any age group or in all cells combined.
Statistical analyses. Variables were analyzed for main effects of aging using one-way ANOVA across groups, and Fisher's protected least significant difference post hoc comparisons against the youngest group were used to determine at which age point an effect first appeared (Statview; SAS Institute, Cary, NC). Values of p Ͻ 0.05 were considered significant. The main effect of aging, both before and after drug application, on the different Ca 2ϩ -dependent markers was also determined in a subset of cells that received ryanodine (see Figs. 2, 4) . Repeated-measure two-way ANOVAs comparing the same cells treated before and after ryanodine application also were used to determine whether the effects of ryanodine differed as a function of age.
Results
As shown in Tables 1 and 2 , basic experimental and neuronal parameters reflecting preparation health and comparability did not differ significantly with age. The data were obtained from nine animals per age group, except for the 10 month group (n ϭ 10 animals), yielding electrophysiological measures on a total of 92 neurons from 46 animals. Concomitant imaging data were obtained in a subset of 53 cells from 37 animals (8 animals for the 4 and 23 month groups and 7 animals each for all other age groups). Statistical outcomes were highly similar whether cells or animals (with cell values averaged) were used as the sampling population (Thibault and Landfield, 1996; Thibault et al., 2001 ). Figure 1 A illustrates the AHP triggered in CA1 pyramidal neurons from a young-adult (4 months) and an aged (23 months) animal after generation of three action potentials. As seen previously (see Introduction), the sAHP (amplitude measured 1 s after the end of the depolarization) was increased substantially as a function of aging (F (4,89) ϭ 6.634; p Ͻ 0.0001) (Fig. 1 B) . This aging effect was first detectable statistically in cells recorded from 12-month-old animals and was maintained at age points older than 12 months. Measures of sAHP duration also revealed a significant increase with aging (F (4,89) ϭ 9.417; p Ͻ 0.0001) (Fig. 1C) that paralleled the onset of changes in sAHP amplitude. The maximum duration was observed in animals at 23 months and was significantly different from duration at 12 months ( p Ͻ 0.01). The mAHP measured at the deepest point of deflection after the end of the depolarization showed similar age-dependent changes (F (4,89) ϭ 6.701; p Ͻ 0.0001) (Fig. 1 D) , beginning at 12 months of age. In addition, the maximum mAHP amplitude was observed in 23-month-old animals, which also differed significantly from 14-month-old animals ( p Ͻ 0.01).
Age course of changes in AHP properties

Age course of changes in spike-frequency accommodation
In a subset of neurons (n ϭ 72) from all age groups, we also measured spike-frequency accommodation. During a sustained intracellular depolarization pulse, neurons initially respond with high-frequency firing, followed by a decreasing action potential firing rate (spike-frequency accommodation) as the sAHP develops and membrane conductance increases. As previously reported (Moyer et al., 1992; Disterhoft et al., 1996) , an agedependent increase in accommodation (decreased number of action potentials) during the depolarization was observed (Fig.  1 E) (F (4,68) ϭ 4.734; p Ͻ 0.01). The greatest accommodation was detected in the 23-month-old group, and, as with sAHP measures, significant differences were observed in animals as early as 12 months (Fig. 1 F) . Ca 2؉ -induced Ca 2؉ release contribution to aging changes in the AHP To determine the degree of CICR contribution to the development of larger AHPs with aging, we assessed the effects of high ryanodine concentration (20 M) in a subset of the cells shown in Figure 1 . Figure 2 A illustrates the ryanodine effect in a neuron of an aged animal (23 months) and highlights the specificity of ryanodine for the sAHP relative to the mAHP. Ryanodine significantly reduced the amplitude of the sAHP (white bars; F (1,97) ϭ 24.65; p Ͻ 0.0001) (Fig. 2 B) . Post hoc analyses on measures of both absolute decrease and percent decrease induced by ryanodine, revealed a substantially greater effect of ryanodine on the sAHP at 12 versus 4 months of age, which was maintained until 23 months of age (Fig. 2 B) . Consequently, CICR appeared to account for essentially the full aging-related increase in the sAHP as ryanodine eliminated the aging differences in the sAHP amplitude (before ryanodine, aging effect: F (4,45) ϭ 2.76; p Ͻ 0.05, see asterisks; postryanodine aging effect: F (4,45) ϭ 0.93; p ϭ 0.46) (Fig. 2 B) . Quantitatively similar effects of ryanodine were observed on measures of AHP duration (Fig. 2C) . However, ryanodine did not significantly affect the mAHP (white bars; F (1,97) ϭ 0.065; p ϭ 0.80) (Fig.  2 D) . Before ryanodine application, the mAHP was increased significantly with aging (F (4,45) ϭ 2.82; p Ͻ 0.05), and after ryanodine, this aging effect was still present (F (4,45) ϭ 3.25; p Ͻ 0.05), indicating little or no effect of ryanodine on the mAHP. As with the sAHP, however, ryanodine also significantly reduced spike frequency accommodation in aged neurons, increasing the number of action potentials fired during the step depolarization (F (1,74) ϭ 12.32; p Ͻ 0.001) (Fig. 2 E) and eliminating the effect of aging. Before ryanodine application, accommodation was increased with aging (F (4,34) ϭ 3.16; p Ͻ 0.05), whereas after ryanodine, accommodation was no longer increased with aging (F (4,34) ϭ 0.92; p ϭ 0.46). [Ca 2ϩ ] i measures were obtained before, during, and after an RSS train of pulses delivered at 7 Hz with pulse intensity set 50% above action potential threshold. This protocol largely avoided spike failure, ensuring comparable levels of postsynaptic action potential generation throughout the train (Table 2) , and mimicked physiologically relevant (theta) frequencies of synaptic activation. This RSS protocol causes significant Ca 2ϩ influx into the dendrites and somata of pyramidal neurons (Thibault et al., 2001) , because repetitive spike generation triggers a large postsynaptic [Ca 2ϩ ] i response (Jaffe et al., 1992; Regehr and Tank, 1992; Brown and Jaffe, 1994; Helmchen et al., 1996; Jacobs and Meyer, 1997; Thibault et al., 2001) . Figure 3A illustrates [Ca 2ϩ ] i responses obtained at rest and during peak [Ca 2ϩ ] i induced by RSS (inset; first 1 s) in representative CA1 neurons from a 4-month-old (top) and a 23-monthold (bottom) animal. As previously reported (Thibault et al., 2001; Xiong et al., 2002) , resting [Ca 2ϩ ] i did not differ significantly with aging (Table 2) . During RSS, however, [Ca 2ϩ ] i increased steadily in the somata of neurons in all age groups, reaching maximal values within 5 s, and maintaining equilibrium at approximately that level for the remainder of the RSS. In response to comparable degrees of postsynaptic spike generation, peak [Ca 2ϩ ] i was increased significantly as a function of aging (F (4,48) ϭ 7.017; p Ͻ 0.001) (Fig. 3B) . [Ca 2ϩ ] i remained signifi- cantly elevated in aged animals throughout the train and analysis of AUC of the Ca 2ϩ response during RSS also revealed a significant increase above the 4 month group, beginning at 12 months of age (F (4,48) ϭ 3.64; p Ͻ 0.05) (Fig. 3C) . Time constants for the rising (Fig. 3D ) and decaying (Fig. 3E) phases of somatic [Ca 2ϩ ] i at the beginning and the end of RSS, respectively, as determined by single exponential fit parameters, did not differ significantly with age.
Ratiometric imaging of the stimulationinduced rise in [Ca 2؉ ] i in CA1 neurons
CICR contribution to aging changes in [Ca
2؉ ] i transients Ryanodine application exerted no detectable effects on baseline parameters of input resistance, action potential threshold or amplitude, or EPSP size. During RSS, however, ryanodine dramatically slowed the rise time, thereby reducing AUC, of the Ca 2ϩ response, particularly in aged rat neurons (Fig. 4 A) . The peak [Ca 2ϩ ] i eventually attained during RSS continued to show an aging effect after as well as before ryanodine (Fig. 4 B, asterisks above white and grayscale bars). However, the agingspecific action of ryanodine in slowing rise time reduced the overall AUC of the Ca 2ϩ response substantially more in aged animal neurons (F (1,57) ϭ 13.4; p Ͻ 0.01) eliminating the age effect on AUC (Fig.  4C) . Thus, ryanodine significantly increased both the rise and decay time constants of somatic [Ca 2ϩ ] i (F (1,57) ϭ 53.5; p Ͻ 0.0001; and F (1,57) ϭ 70.4; p Ͻ 0.0001, respectively) (Fig. 4 D, E) , again, substantially more in aged than young rat neurons (Fig. 4 A, D) . In addition, the ryanodinesensitive component of the [Ca 2ϩ ] i response (the difference between preryanodine and postryanodine AUC, or ⌬) analyzed on a per-second basis during RSS, confirmed that the primary contribution of enhanced CICR in aging rat neurons occurred relatively rapidly (1-5 s of RSS), and diminished thereafter during the RSS train (data not shown) (main effect of aging on the action of ryanodine on ⌬ AUC: F (4,24) ϭ 4.417; p Ͻ 0.01).
Discussion
Concurrent emergence of ryanodine-sensitive aging biomarkers
Although there is wide recognition of the value of examining intermediate age points in biological aging research (Miller and Nadon, 2000; Coleman et al., 2004) , the age of first appearance has not been determined with high resolution for most brain biomarkers. Nevertheless, age-of-onset data can provide important insights into the sequence and potential mechanistic interactions of multiple age-dependent processes. For example, hippocampal-dependent learning impairment, among the few biomarkers for which onset has been assessed (see Introduction), appears to emerge around midlife (ϳ12 months of age in F344 rats) or earlier in several mammalian species. Presumably, therefore, the onset of physiological biomarkers that underlie this functional impairment must precede or coincide with the onset of cognitive decline.
Here, we tested with relatively high resolution (ϳ2 month intervals) the earliest ages at which established electrophysiological and imaging Ca 2ϩ -mediated biomarkers of aging were detectable statistically. The results provide the first evidence that, in F344 rats, multiple Ca 2ϩ -mediated markers of brain aging emerge concurrently, as predicted by the hypothesis of an underlying common mechanism, and emerge by 12 months of age, as predicted by their putative roles in the pathogenesis of cognitive decline. Moreover, these biomarkers exhibited aging-specific enhanced sensitivity to ryanodine, also beginning at ϳ12 months of age (Figs. 2, 4) , resulting in the effective elimination by ryanodine of most aging differences in Ca 2ϩ -related processes. Together, therefore, these findings provide substantial new evidence that Figure 1 were treated with ryanodine, and thus the aging effect was also analyzed separately for that subgroup, both before (grayscale bars) and after (white bars) ryanodine treatment (B-E). Note that ryanodine reduced measures of sAHP amplitude (A, B), sAHP duration (C), and accommodation (E) more in aged animals and eliminated the aging effect in each measure. However, the mAHP (D) was unaffected by ryanodine. *Different at p Ͻ 0.05 from the 4-month-old group appropriate for preryanodine and postryanodine comparisons. Means Ϯ SEM are shown.
aging-dependent Ca 2ϩ dyshomeostasis in hippocampal CA1 neurons depends on a common mechanism, partly comprising altered CICR from RyRs, that emerges early enough in adulthood to play a role in initiating cognitive decline.
Our findings on altered CICR in brain aging also are consistent with work in other models indicating that overfilling of the ER with Ca 2ϩ may be present in some Alzheimer's disease models (Gibson et al., 1996; Leissring et al., 2000; Paschen and Frandsen, 2001) , and that larger ER Ca 2ϩ pools develop in older and/or more vulnerable neurons (Verkhratsky and Toescu, 1998; Clodfelter et al., 2002) . Recent reports also suggest that alterations in CICR may contribute to aging differences in synaptic plasticity, potentially through effects on the sAHP (Kumar and Foster, 2004) .
CICR interactions with L-type channels in Ca
2؉ dysregulation As noted, altered activity of L-type voltage-gated Ca 2ϩ channels also has been implicated as a candidate mechanism in aging-dependent Ca 2ϩ dyshomeostasis. L-VGCC agonists and antagonists strongly modulate the sAHP, spike accommodation, Ca 2ϩ action potential, and the synaptically activated rise in [Ca 2ϩ ] i , as well as agingdependent cognitive function Norris et al., 1998; Thibault et al., 1998 Thibault et al., , 2001 . Furthermore, available L-VGCCs increase in CA1 neurons with aging (Thibault and Landfield, 1996; Veng et al., 2003) . Recent data obtained in a separate age course study also showed that increased L-VGCC activity first appeared at about the same age as these Ca 2ϩ -mediated biomarkers and the enhanced ryanodine sensitivity (O. Thibault, personal communication) .
However, evidence of a role for L-VGCCs in Ca 2ϩ dysregulation is not necessarily inconsistent with the findings here on CICR. Clearly, Ca 2ϩ influx via VGCCs can trigger substantial CICR and, as in muscle, CICR from RyRs may be in series with L-VGCCs in at least some types of neurons (Chavis et al., 1996; Empson and Galione, 1997; Borde et al., 2000; Fagni et al., 2000; Sukhareva et al., 2002; Verkhratsky, 2005) . Therefore, elevated L-VGCC activity and amplified CICR could reflect different stages of a single pathway that acts to dysregulate Ca 2ϩ in aging (Fig. 5, model) . If so, an important question still to be resolved is whether increased L-VGCC activity is a sufficient trigger for amplifying CICR or whether CICR is altered independently.
Of course, L-VGCC activity may not be the only source of elevated Ca 2ϩ influx. However, hippocampal NMDA receptor activity, a major source of postsynaptic Ca 2ϩ influx during synaptic activation (Alford et al., 1993; Emptage et al., 1999; Kovalchuk et al., 2000; Sabatini et al., 2002) , appears to decrease rather than increase with aging (Barnes et al., 1997; Magnusson, 1998; Potier et al., 2000; Clayton et al., 2002; Rosenzweig and Barnes, 2003) . Nonetheless, other sources may be altered with aging. In addition, several studies have raised the possibility that other ion conductances also contribute to these aging biomarkers (Power et al., 2002; Wu et al., 2004; Tombaugh et al., 2005) . Clearly, therefore, additional studies will be needed to determine more precisely the degree to which alterations in the L-VGCC-CICR pathway account for Ca 2ϩ -related biomarkers of aging.
Potential consequences of amplified CICR in vivo
Ca 2ϩ -related processes were studied here primarily as outcome biomarkers and, consequently, RSS stimulus pulse intensity was maintained at high levels to ensure consistent spike generation (Table 2 ). However, it should be noted that, under more physiological conditions, the larger Ca 2ϩ transients in aged animal neurons might well induce greater spike failure. For example, EPSP amplitude during RSS is decreased by aging-dependent Ca 2ϩ Figure 3 . Rapid ratiometric Ca 2ϩ imaging. A, Representative pseudocolor ratiometric images of bis-Fura-2-filled CA1 pyramidal neurons from a young-adult (4 months; top) and an aged (23 months; bottom) animal. Somatic regions are displayed at rest (left) and during repetitive synaptic stimulation (peak; right). The inset shows the first second of the postsynaptic response during 7 Hz RSS above action potential threshold in a young-adult neuron. Group comparisons revealed a significant effect of aging on peak [Ca 2ϩ ] i and the area under the curve (AUC) of the somatic Ca 2ϩ response (B, C), but no significant differences in the rising and decaying phases of the [Ca 2ϩ ] i response (D, E, respectively). *Different from the 4-month-old group at p Ͻ 0.05. Means Ϯ SEM are shown.
elevation (Thibault et al., 2001) , which would likely translate into reduced spike generation in vivo. Furthermore, the enhanced sAHP seen with aging might well also increase spike failure via accommodation Thompson et al., 1996; Disterhoft et al., 2004; Tombaugh et al., 2005) . Although clear aging differences in pyramidal neuron firing frequency have not yet been found in behaving rats, the effects of a larger sAHP or reduced facilitation of the EPSP may be more likely to appear during bursts or to be reflected in interspike intervals and network dynamics rather than in total spikes over a lengthy period (Rosenzweig and Barnes, 2003) . Similarly, greater hyperpolarization during repetitive synaptic activation of spikes was not seen here in aging animal neurons (Table 1) , in contrast to the larger AHP after spikes induced by intracellular stimulation (Fig. 1 A) . However, several factors could account for this. For one, multiple conductances contribute to synaptically induced hyperpolarization, which may mask the enhanced sAHP component (Storm, 1990; Lancaster et al., 2001; Wu et al., 2004) . Nevertheless, an enhanced sAHP, even if masked, might still inhibit synaptic throughput and spike generation, depending on cellular regions of localization of AHP and excitatory conductances (Jaffe et al., 1992; Lancaster et al., 2001; Sah and Faber, 2002; Johnston et al., 2003) . However, it is clear that additional studies are needed on the nature of in vivo effects of Ca 2ϩ -mediated biomarkers of aging.
Kinetics of the CICR effect
In agreement with a previous study (Thibault et al., 2001 ), higher peak Ca 2ϩ concentrations and an increased AUC of the Ca 2ϩ response were present in neurons from aged animals during suprathreshold RSS (Figs. 3, 4) , whereas no differences in resting [Ca 2ϩ ] i were found. In addition, greater temporal sampling resolution in the present study revealed that peak [Ca 2ϩ ] i levels were generally attained within 5 s of RSS at 7 Hz (Fig. 4 A) , and there were no age differences in the rise or decay time constants (Fig. 3) . Ryanodine slowed the Ca 2ϩ rise and decay time constants (Fig. 4 D, E) , and did so more in aged neurons (Fig. 4 A, D) , although it did not alter peak Ca 2ϩ concentrations eventually attained (Fig. 4 A,B) . As a consequence of slowed rise time, ryanodine also reduced the AUC more in aged rat neurons and eliminated the aging difference in the AUC biomarker during RSS (Fig. 4C) . Together, these results are consistent with the interpretation that RyRs provide a large and early booster source of Ca 2ϩ to the soma during the first few seconds of repetitive action potential activity, particularly in CA1 neurons from aged rats. The observation that [Ca 2ϩ ] i reached the same peak after ryanodine, albeit more slowly in older animal neurons, could reflect slowed clearance mechanisms and altered kinetics (Murchison et al., 2004; . In addition, the slower initial rise of the component remaining after ryanodine in aged rat neurons could result from decreased influx/release from ligand-gated channels or other sources. Conceivably, therefore, increased L-type channel activity and CICR could be compensatory responses for decreases in other Ca 2ϩ sources or signaling pathways.
An integrative model of hippocampal Ca 2؉ dyshomeostasis Together with previous work, the present studies suggest a new integrative, albeit simplified, model of Ca 2ϩ dysregulation in hippocampal neurons during aging (Fig. 5 ). In this model, increased activity in the L-VGCC-RyR axis begins around midlife, initiating a cascade of Ca 2ϩ dysregulation and altered physiology that impedes synaptic throughput and spike generation and, in turn, impairs cognitive function. Moreover, the dysregulated Ca 2ϩ may well also increase activation of Ca 2ϩ pathways involv- at the onset of RSS in a 4-month-old (left) and 23-month-old (right) animal. B, Ryanodine did not significantly affect peak Ca 2ϩ levels measured during RSS. Grayscale bars, Preryanodine. White bars, Postryanodine. Aging effect persists after ryanodine (asterisks). C, Ryanodine eliminated the effect of aging on measures of the AUC. Although the rising (D) and decaying (E) time constants of Ca 2ϩ did not differ with aging, ryanodine treatment significantly lengthened both time constants. All aging comparisons are made within a treatment condition (i.e., preryanodine only or postryanodine only). Note that peak Ca 2ϩ levels are increased with aging in cells before the ryanodine treatment (asterisks above grayscale bars) and also after ryanodine treatment (asterisks above white bars). *Different from the 4-month-old group appropriate for preryanodine and postryanodine comparisons at p Ͻ 0.05. Means Ϯ SEM are shown.
ing calcineurin, calpains, and gene regulation, thereby disrupting cell signaling and heightening neuronal vulnerability. Thus, if supported by additional studies, this model may suggest new therapeutic strategies for intervening in aging-dependent cognitive impairment, as well as provide a mechanistic framework for the growing evidence that some potential therapeutic interventions are more effective if begun soon after midlife (Zandi et al., 2002) . 
